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ABSTRACT

Cross sections and event structure for eveats produced in pp and pA
collislons with high transverse comentum are preseated. The eventa were
studied using the large acceptsnce Fermilah Multiparticle Spectrometer. The
pp cro#s asections are asubstantlally larger than predictions from the 4~jet QCD
model. Productfon at high transverse momentum from nuclear targets increases
more rapidly than the atomic wass number. The mafority of the pp events are
aon-planar, After applylpg cuts to the data there la s tendency for high
fransverse momentum events to be more planar than ones with lower Cranéverse
sowsntus.

1.  INTRODUGTION

The hadronic production of high transverse momentum {(high pt) secondaries

is expected to result from the fundamental collision of hadronlc constitutents

1)

rather than & collision between hadrone as a whole. Such production wmay

be considered as belng due to the formation and subsequent fragmentation of
(2)

L 114 L

be complicated by the fact that detailed knowledge of 'jet' fragmentation is

In this case, an understanding of single particle production will

necessary. To aveid this complicatrion, several experimenta 22 have attempted
to triggar on 'jets' by demandipg that a large value of E be confined to &
small volume of phase space rather than to just a single particle. The draw—
back of this scheme is that prior knowledge of the ‘iet' size ie essmentlial.
(A), E609 and E557
at Fernilab, have attempted to overcome this latter difficulty by relaxing

Recently three latge acceptance experiments, NAS5 at CFRN

the geometrical phase space requlrement whilst retaining the neceasity for a

large value of P in so event.

Thias report presencs preliminary results from the E557 experiaent. It
is organized as follows; 1a Section 2 a brief description of the apparatus
is given followed in Section 3 by the analysis procedure. In Section &4 pra-
liminary crose sectlons ure presented and compared To Ieasurexents’ from other
experiments. Sectlons 5 and 6 include pralimipsry results cn evanl structurs
aod nuclear target cross sections respectively. Finally, conclusions are

drawvn in Section 7.

1. EXPERIMENTAL METHCD

The E557 sxpariment was performed usinog 400 GeV diffractively produced
protons from the M6W beam 1{ne at Fermilab. The beam was incident on a 45cm
B,
or Pb.

target followed downstream by two interchangeable metal foile of AL, Cu

The datwction apparatus consisted of the Fermilab mulriparticle spectro~
meter as shown in Fig. 1. Multiwire proportional chambers {24 planes of
8500 wires) and magnetostrictive spark chambers (24 planes) detected charged
particles. The charged particles were ldentified using two multicell Cherenkov
counters end their momenta Wers measured using a spectrometer magnet that pro—
vided a .2 GeV/c Py kick. Downstream of the tracking chambers was placed a
2.2 x 3 m highly segcented calerimeter consiating of 280 modulas. The up~—
ctream eaction, which consisted of 126 lead-scintiliater (16 r.l.) aandwiches,

primarily detected and acasured the evergy of alectromagnatic particies the
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downstream section of 154 fron-scintillatar saodwiches [7.5 a.l,) meadured the
hadronic enexgy.(s) The calorimeter served as a trigger (see below) and a de-
tector of neutral and charged particles. This was achleved by splitting the

output of each wodule into two, one half beiog used in the trigger electronics

and the other going to an ADC whose ourput was used in off-line analyses.

The geometricsl acceptance of the calorimeter was approximately IT in
uzimuth over the polar angle tange 50° <8 < 130° an measured in the proton-
proton centre~of-mams frame. This corresponded spproximately to s rapldicy,

¥, range of 1.5 centered at y* = 0,

Ths spparatus was triggered in two ways. Firstly, an inelastic¢ collision
was detected by demanding efther that an incident proton had lost enough
snergy %o mise s pmall counter placed on the beam line downstrean of the mag-—
net or that a large pulwse helight was present in & counter placed immediately
dovnstream of the target. This constituted the "Interscting beam trigger’

{in later analysis it was determined that this teigger was sensitive to ap-
proximately 0% of the total inelastic cross eection). The second trigger
consisted of the "interacting beam' trigger with an additional reguirenent
that s carraln gngunt of Transverss Gnergy was present In the calorimetetr
(hereafter designated "Et").

Et for each module was formed by weighting its output by the sine of its
angle formed from the target with respect to the Incident heam ditection.

Then, E_ sums for several different configurations of calorimeter modules

t
were formed. Data from three are presented in this report. The configura-
tions vaed were full aziguthal acceptance ('2%'); two 27/5 apertutres dia-

wetricaily opposed to each other ('4%/5'); swall aperture ('n/5'). They had

approximate acceprances of 8.2, 2.9 and 0.75 steradians in the proton-proton

To determine the sbsolute Et scale the calorimeter was calibrated twice,
before and after the l8-day dats run, by directing s 20 GeV/c bean of elec-
trons end hadrons {nto each wadule, The total uncertainty E_ is estimsted

Ffrom the calibration and other sources ta be 7y /Et - %51
t
For this report only vertex data (for hydrogea-nuclear target separatien)

and calorimeter data have been umed. No data ars presented that depended omn
the spectrometer or Cherenkov counteérs. Consequently no correction for the’

magnatic field Py kick has been attempted at this staige.

3. ANALYSIS

Corrections were applied to the pulse height sums in the Et determipation.
Yor example, the response of the lead-seintillator section of the calorimeter
wae different {by approximately 17X at &40 GeV) for hadrons and photone of the
same enetgy. Consequently, knowledgs of the type of particle hitting the
calorimeter wap necessary for a correct anaiysis. This was obtained by coa~
paring the responses from the lead-scintfllator and fron~scintillator sections
of the calorimeter. Another correcticn was needed in the calculation of the
position that particle hit the calorimeter, Aspuming that It siways hit the
centre of a wodule would have introduced errors in the Et calculation. This
wan overcome by forming spatial "clusters' of energy. The weighted centre of
these cluaters produced & more gcocurate edtimate than the acdules centres.
The extent of thesa "clusters’ was compared to predictions from a shower pro—

(6}

duction simulation. By this method it was poasible to determine whether,
for example, adfacent fired modules were caused by one or two particles. Tha
results of forming these 'cluetera', is shown in Fig. 2 vhere the invariant

crcas section for ‘cluster’ production is compared to the sum (soiid line) of

«(8)

chlqed”) {dnshed lipe and triangles) and W eingle particle weasurtments at

%0 degreersn, To maka the comparison mare meaningful the calorimcter r-loluti.on(”
has been estimated and the result i85 the long-dash curve., The reasonable agree-
ment between the single particle and the 'cluater’ measurements lends credence
to the idea that ‘clusters' do indeed correspond to individual particles. This
comparieon does not take Into account euch effects as iLi and neutron productiom,

g, kick

af the magnet stc.
e

The cross sections changed by lews than 20T when pulse helghts were used
rather than 'clustera’. However, the 'cluster' formation technique way in-

valuable for the event structure analyzis,
hy CROSS SECTIONS

Crogs sectlons for avents with F't. values up to 10 GeV were measured using
the 'interacting beam' trigger. Results using the full azimuthal ( 2w) accept-
ance of rhe calorimecer are ahowm In Fiz, 3. With them are presented croas
sections obtalned by fmposing ever increaring Et thrasholde. By doing thia
1t was poneihle to atudy evencs with E: values ot_ up to 24 GeV (pote that
the kinematlc limitr {x 27.4 GaV). Ths effect of the E‘r. threshald ts clearly
wisible in Fig. 3. Hote che excellent agreement betweeno data obtained with
&, 5 and 9 GeV thregholds and 'interacting beam’ data. This is evidence that

the calorimeter triggering loglc performed correctly.
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The bedt estimate for the productlon cross section is obtalned by drawing

an envelope through the highest points. This envelope approximates to the
form &1/dE, = o83

along with two sets of cross sections obtained using smalier fractlons of the

t for Et values above 10 GeV. This is shown {a Fig. &

calorimeter; the rapldity scceptance for these latter data was approximately

1.5 unite as in the 2T case.

Cross dectious for emaller acceptance triggers can be gbtained by an al-
cteruntive mechod using the data from the 2W trigger alcne. TFor each eveat the
I: within a small acceptance was calculated and the probability of such an
occurence was recorded. A typical example im shown in Plg. 5 whete an accept-
aoce of 50 = ¥ wvas used (the rapidity range was 1.5 as before). As in the 2%
case the eavelope of the highest polnts 18 the best estimate of the cross
wmection. Parameterizing the data above 4 GeV results ip dU/dEt- e-]"“:t.

This procedure wae repeated fer acceptances of W2, W/4, /8 and W/16 with the
resultinog croes sectlon parameterizations having slepes of -1.9, -2.4, -2.7

and -3.2 respectively. The error on these slopes 13 estimated at +0.2.

The softwara merhod confiraa the trend observed using small accaptance
hardware triggers, that 1is, the increasing E: dependence of crees sections
measured over decreasing acceptances. This method has the added advantage of
Belog 2ble to determine cross sections for arbitrary sized acceptances from
a single data set. This could be usaful when testing theoretical models for
the productlion of these high E: events.

The Z¥ c¢toss eections from E557 are substantfally larger than the cor-
reaponding NAS datn“); they also have a weaker F'l: dependence. The different
trcident energies (400 GeV for E557, 300 GeV for KAS) make & direct compari-
soa difficult. In an attempt to take rhis into account the cross sections
were considered to depend cn the variable x, = Et//-_ , where & 13 the total
centre-of-mass energy equared, rather than Et' Doing this resulte in both
data sets having similar slopes as seen from Fig. 6. Similar conclusicus
are teached when the HAS data using emaller acceptance hardware triggers
(% and ¥/2) are compared to E557 data obtained by the software method, No
concluelons based on the normalizarion difference between the two experineata
should be drawn as the E  scales in both experiments have *5X errors. The two
sxperiments also cover slightly different reglons of phase space.

Finally, the ratlo of the ¥/4 scceptance invariant cross sections (cbtained
by the software method) compared to the single particle data shown io Fig- 2

was calculated. It increasas from ~20 at 3 GaV to ~100 at 6 GeV confirming an
effect that had alresdy been observed iu a previous cxp-rl.-en:(”,

5.  EVENT_STRUCTURE

Event structure was studied employing the variable, planarity (P), as used
by the NAS group“). This was calculated in the transverse plane of the event.
In this projection an event sxis was found and the Py vector for each module
was decomposed inte components parallel and trensverse to this axis. Denoting
the sum of the squuared cooposents along and transverse to the principal axis
as A and B, then planatity is defined as P = (A-B)/{A+B). P was then wminl- 7
mized. For pencil-like back-to-back Jets, P spproachee 1 while for isotropic
avents it approaches 0. Fig., 7{a) shows the observed planarity distributions
for avents with Et > 14 GaV for the 27 data sample. It is clear that the
majority of the evenis are non—planat. Tha fraction of high plenaricy events
(P > 0.7) stays consiant with E.- Fig. 7(b) shows the varistion of the mean
planarity with Et. For E:< f GeV the planarity rises because of the very low
multiplicity in the calorimeter. Above Et. = 6 GeV the plaparity indicates a
mostly isotropic distributlen of secondaries unaffected by increaaing Et'

To study event structure in 4 more detailed way 'clusters' rather than
pulse heights were usad. Evan though 'clusters' were used, the determination
of where a particle hit the calorimeter was still seriocusly effected b; the
calorimeter granularity. The granularity effecc was more apparent in the
polar angle calculation than the azimuthal angle. Counsequently, only detailed
event structure in the plane transverse to the incident beau direction will
be discussed here.

To reduce the graoularity effecz, calorimeter 'sectors’ were used
rather than energy ‘clustars'. To do this the calorimeter was divided into 12
equal azimuthal sectors and the Et from the 'clustera' within each sector was
caleulsted, A typical Et flow with reapect to the centre of the sector with
the maximum Et' the 'maximum sectot', is shown in Fig. 8. The dominant
structure 1s an enhancemant in the 90 to 180 degree region {the ‘away' side).
This increases with total E: and with the fraction of the total Et in the
'maximum sector’ as shown in Fig. 9. A sinllar effect has previously been

seen in single parvicle data(m).

To ses If the event structure depended oo the total Et, the date of
FPig. 9 were normalired and the results are shown in Fig. 10. Everts with
amall snd large total El values are similar only when thete 1% a small frac-
tion of the total Ec ie the 'maximum sector’. This 18 not too surprisiog as

this constraint izposes Lentropy on the event. Whan a larger fraction of the



total Et is in the 'warimum sector’, the higher Et data show a greater en—
hancement on the ‘away side' indicating an increase in clustering. Tt is
important to note that the amount of clustering present in the data is far

leas than that expected from &-jet events(ll).

In an atcempt to eee how much of the '"away side’ enhancement is due to
P, conservation, the directions of the 'clusters' in an event were random-—
ized in the transverse plane, (their polar directiona were presecved).
Tracks within the "maximum sector' were not included. This randomization was
repsated until the magnitude of the final P vector sum wae within 10X of tha
orfiginal sum. The final direction of the vector sum had to be within 30* of
the original. This randomization scheme preserves the total Bt in an event.
The results, shown in Fig. 9, indicate that the difference between the ori-
gingl and randomized Et flows grows with total !t' showing once sgain, an
increase in clustering at higher Et values. However, it can be seen that the

waln contributlon to the event structure appears to be P, conservation.

6. NUCLEAR TARGET CROSS SECTIONS

Typical vertex distributicos are shown in Fig. 11(a) and 11(b]) for
*interacting beam' and 27 data (Et > 15 GeV). The dramatic growth of the

nuclear targets signal compared to H, indicates that the dependence of the 27

2
cross sectlion on atowic mase nymber is etronger than that for inelastic croas

sectlons.

Events originatiog from the two nuclear folls were separated from the
bydrogen events by performing a vertex position fit (see Fig. 1ll(c)). The
simultanecus data collecticn from different targets eliminated msny systematic
errors. From the productlon rate, ctoss sections were calculated. A typical
sanple of the data is shown in Fig. 12. Tt is clear that the data are cono-
sistant with the parameterization dﬂ/dEt~ A G(E:) when the hydrogen data are
not {inciuded. The hydrogen data have nct been corrected For the small accep-—

tance difference due to the downatream positioning of the nuclear targets.

The variation of a as a function of E: for the full azimuthal acceptance
trigger is shown in Fig. 13(a). a increases from ~2/3 at low Et' becomes 1 at
E, = 10 CeV rising finally to ~1.25 at 15 CeV. A slallat effect is also seen

for the smaller acceptance trigger {7/5) (see Pig. 13{b)). This trend for a
(N

to exceed unity has been seen previously in single particle production and

small aperture "jet® axperiment-s.(lz)

(13}

The explanations for such behavior are

aumerous and varied

7.  CONCLUSIONS

The productior of events with large values of transverse emergy (50 to
80T of the incident eaergy #s5 measured in the centre-of -mass frame) 1e far
more frequent than that expected frow QCD 4-4et predictione. This phencmenca
appears to perslst even at /e = 540 Gev(lﬂ) where substantial croms sections
for E: = 100 GeV have been measured. The swall amount of *'jet' production is
confirmed by the fact that the majority of eveats are not planar. 1t is dif-
ficult to estimate the exact fractlon of events that possess 'jet-like’
qualities but it appears to be less than 5% of the total date sample for high
Et events.

A recent qcD approach(ls), which includes the effects of gluonn brems-—
strahlung, appeats to be successful in reproducing the large acceptance dats
from NAS. It will be interesting to see Lf it can also predict the dependence
of the crosas section on acceptance and reproduce the event structure &3

measured in this experlment.

As mentioned earller, there is no consensus on understanding the nuclear

targst data.
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FIGURE CAPTIONS

1: The Fermilab M6W Multiparticle Spectrometer. The vertical lines
deplct tracking chambers. The dotted lire in the calorimeter slguifies
the hole through which small angle seceondaries pass.

2: A comparison between single-particle productlon (solid line) with
calorimeter resolutlon folded in (long dashed curve), and ‘cluster’ for-
mation in the calorimeter (dots}.

3: Preliminary cross sections for multiparticle production resultiog in
& total transverse snergy of E_measured over an acceptance of B.23sr
centered approximately at y* = 0. The different symbols refer to dif-
farsnt Et thtesholds. The error ou the E: scale is =5,

4: Comparison of preliminmary cross sections obtained with large (2m),
sediua (2 x 24/5) seod small (7/5) azimuthal acceptances. The E_ depen—
dence of the three data sets is indiceted. The error on the Et scale i
+5%.

S: Croas sectionma for T acceptance produced from the large acceptance
(27) data using software cuts. The different symbols refar to diffetent
E_ tanges. In the interest of clarity, error bars have been omitted.
T§71c11 errors on the poluts at the highest £ values ino each E_ range
are ~30%. The error on the Et scale 18 +5%. t

6: Comparison of E557 and NAS data. The NWAS data at 300 GeV has been
Tacaled' sssuming 1t is a function of E:/f; rether than Et. Also shown
is a 4=Jet QCD calculation (ref. &4).

7: (a) PElanarity distribution for 27 azimuthal acceptance data with Et >
14 Ge¥. (b} Mean planarity of the 2% azimuthal acceptance data as a
funcrion of Et'

B: A Typical Et flow using 30 sectors.

9: E flow in sectors as & function of azimuthal angle weasured with
respelt to maximum E_ flow direction {histogram). The horirontal and the
wvertical scales are Phe same as those shown f{n Fig. 8. The dots show
similar results after randomizing the *clusters’ azimuthal directions
(see text}. The data is shown as a fuuction of the total £ and as 3
function of the fraction of the total € in the ‘maximum leEtor' (aea
text}. Only sactors with greater than Y0z of the total E_ contribute

to the plot. £

10: Normalized E_ flows ueing the data similar to that ehown in Fig. 9.
In this case, only sectora with greater than 31 of the total E  contri-
bute. The three sets of data are for Et values of 3 to 7(A), 9 to 13 (=)
and 17 to 21 GeV (0), Statistical errors ocaly are shown. The figures
(a) (b} and (c)} refer to different fractions of E in the "maximun
sector'. These fractions are; between .l and .2, .2 and .3, .2 and .4
reapectively.
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11: Distribution of the production vertex coordinate along the incident
beam direction. (a) ‘'interaccing beam data. The upstream H, target
window is clearly visible. The two shar; black splkes are dug to the
puclear targets. (b) 27 acceptance data {E > 15 GeV). (c) Enlargement
of nuclear target reglou for 2 dats. The curve superimposed on the data
{(histogram) is a fit of 4 gaussiang (Z per peak) + constant background.

12: Cross sections as a functlon of atomlic mass pumber. The lines are
drawn to guide the eye.

13: g as a function of E: for (a) 2w datd and (b) swaller acceptance
daca.

MAGNET

¢ A (30 calis)

MEW | ‘ Catagenin

94Tm

———————— TARGET- CALORIMETER

T ]
o

14

—

FRONT HADRON
HADRON

b = -

rig. 1

CALORIMETER



0T T T T
10-25{%  SINGLE PARTICLE _|
CROSS SECTION
10-26{N e (®ESS7 _
\ PRELIMINARY
027 }i‘ DATA
E dao 10-23__
3
d P 10‘29_
(cm2c3 /Gev?2)
-0
-0-31_
10-32__
10-33____
10734
10735~ -
036 | | 1 1 |
O 1t 2 3 4 5
Pt (GGVIC)
rig. 2

6

15

do 7/ dEy , mb / GeV

A¢s2m , Ay =15
L T T T 7 3
- . E1 Threshold: b
i o GeV -
i o % + O (INTER. BEAM)
| B .1° c 4 =
5 . E
E L E
: ® .2‘ - 9 :
B . s I3 -}
L A b b 18
IO ? z ? v T g
o . i .
2| i ’
107F E
E < T 3
& L] E -
0k 6 O =
; o ;
[ o 9B y
[0 v ]? =
- v c} 3
0’ Yf =
10°* 1 1 1 L i
o] 4 8 12 ) 20 24
ET , GeV
(AE/E;=25%)

ilg. 3

16



10

-3

do / dEy , b / GeV
o

ORI 212 I 0 S S MAAT JN H B 201 SRR B O

LRIERARIL

LEELBRARRLE |

III.I

17

T T T
pp: 400 GeV/c

IR NS N A RETT]

[ERERTT|

Lttt

r gt

10 | 1T 1 |
26 E 557 Preliminary
1075 T, 400 GeV pp |
. O
10-27}~ 00359 T sectors
G ()
_do " ox§EQ
dE; 10728 " w3, —
2 xl ol
cm</GeV
( ) 10'29'—' ....:u —
e °
L
10-30— ° Aaﬁm'e -
° a Sp |
- 8 2
L
10-31_ A oo uuﬂee—.
Do eﬂ.
D
10°32 ] ] ] I I
0 2 4 6 8 10
Eq (GeV)

Ey range (GeV)
v1to5 o11to 15

|
Q
x

~Ow
—

A13 to 17

o7
09 o017 to 21
o]

1

—

rig. 5

18



i 1 I

e pp: 400 GeV/c
This experiment
(preliminary data)

o pp: 300 GeV/c
NAS(CERN),

6%.. X; scaled to

|

o' 6% 400 GeV/c
By
0
o d
3 -2 O ¢
€0 % .
£

E bb .

Jul . ]
1) N o 7
f 0 3 oq;- -
= . o. -=-

(% .
o* 3
-4 ¢
10 5",
%
$
0> ¥
QCD-JET t
mode| i
,0-6 | i 1 ]
o) 8 12 16 20 24

E; GeV

Fig. 6

bla
h-1h=]

—1b

<PLANARITY>

PP —=(E ), o +X; 400GEV/C

024 TT v [T T 71
(a) ADs2w
i Ep>14 GV _
0.6 |- —
o 4
0.08— =
4
) [N B |
00%5 05 0
PLANARITY
¥
0.8 (b) -
Lo -
o
04k ® 00pgoe o @
0 J I
0 i 20
ET,GeV
Fig. 7

20



21

Ftoward!

1.5 l, ,
dEy side jaway side
dg !

1P I
(GeV /60° /event) i
|

I.B
/{0 |
60 120 180

’ [}
maximum
sector Angular separation from

{not ahown) ‘maximum’ sector

{degrees)

Fig. [

gy Range

dE/d¢
7to2! —

dE \/dg
Nte1s -—

dE,/d¢
5109 —

—— ORIGINAL DATA
& ‘RANDOMIZED' DATA

T

1 to .2 3 to .4

FRACTION OF TOTAL Ey
IN ‘MAXIMUM' SECTOR

rig. ¢

22



23

T f { 1 1 T 1
.2+ u .2P ¢‘ .2"' éi‘
1 dE} é 3
— it aad :
Ex(lotal) d¢ ggqa ¢ 8@6 !:a
A 148 - .1?:3 -
{/60°/event) ]
0 S | o1 | | I
60 120 180 60 120180 60 120 180
Angular separation from ‘'maximum’ sector
(degrees)
rig. 10

INTERACTING BEAM CALDRIMETER
TRIGGER TRI R
Pb Al RIGGE Pb Al
[ x|l |l
150 12
dn gn
dz dz
0 (o)
TO cm 70 cm
zverfex z vartex
150
Pb Al
15« ET <7 GeV
dn
gz
o]
- |G &M
Zyertex

Fig. 11

24



o (PA—(Eq).g +X),mb

{INTER. BEAM)

A 1<Eq<ito

—15<E1 <16 GV

/ :;"BHET <{T GeV

<18 GeV

"""]7<ET
/“é-—laq;} <I9 GeV
X O
s /% - 19 <E <21 GeV
y A / T
:/Z/

rig. 12

25

2 1 i T |

pA—=(Eq).q +X;400 GeV/e

cal

- Al-Pb

(@) Ap=2m AuBsr]
- x Al-Cu

T
g
b

0
]
O
o

3
e
£
n

v
L

26



